Previous research demonstrates increased prostate cancer risk for pesticide applicators and pesticide manufacturing workers. Although underlying mechanisms are unknown, human biomonitoring studies indicate increased genetic damage (e.g. chromosomal aberrations) with pesticide exposure. Given that the nucleotide excision repair (NER) pathway repairs a broad range of DNA damage, we evaluated interactions between pesticide exposure and 324 single-nucleotide polymorphisms (SNPs) tagging 27 NER genes among 776 prostate cancer cases and 1444 male controls in a nested case-control study of white Agricultural Health Study pesticide applicators. We determined interaction P values using likelihood ratio tests from logistic regression models and threelevel pesticide variables (none/low/high) based on lifetime days of use weighted to an intensity score. We adjusted for multiple comparisons using the false discovery rate (FDR) method. Of the 17 interactions that met FDR <0.2, 3 displayed a monotonic increase in prostate cancer risk with increasing exposure in one genotype group and no significant association in the other group. Men carrying the variant A allele at ERCC1 rs2298881 exhibited increased prostate cancer risk with high versus no fonofos use [odds ratio (OR) 2.98; 95% confidence interval (CI) 1.65-5.39; P interact 5 3.6 3 10 24 ; FDR-adjusted P 5 0.11]. Men carrying the homozygous wild-type TT genotype at two correlated CDK7 SNPs, rs11744596 and rs2932778 (r 2 5 1.0), exhibited increased risk with high versus no carbofuran use (OR 2.01; 95% CI 1.31-3.10 for rs11744596; P interact 5 7.2 3 10 24 ; FDR-adjusted P 5 0.09). In contrast, we did not observe associations among men with other genotypes at these loci. While requiring replication, our findings suggest a role for NER genetic variation in pesticide-associated prostate cancer risk.
Previous research demonstrates increased prostate cancer risk for pesticide applicators and pesticide manufacturing workers. Although underlying mechanisms are unknown, human biomonitoring studies indicate increased genetic damage (e.g. chromosomal aberrations) with pesticide exposure. Given that the nucleotide excision repair (NER) pathway repairs a broad range of DNA damage, we evaluated interactions between pesticide exposure and 324 single-nucleotide polymorphisms (SNPs) tagging 27 NER genes among 776 prostate cancer cases and 1444 male controls in a nested case-control study of white Agricultural Health Study pesticide applicators. We determined interaction P values using likelihood ratio tests from logistic regression models and threelevel pesticide variables (none/low/high) based on lifetime days of use weighted to an intensity score. We adjusted for multiple comparisons using the false discovery rate (FDR) method. Of the 17 interactions that met FDR <0.2, 3 displayed a monotonic increase in prostate cancer risk with increasing exposure in one genotype group and no significant association in the other group. Men carrying the variant A allele at ERCC1 rs2298881 exhibited increased prostate cancer risk with high versus no fonofos use [odds ratio (OR) 2.98; 95% confidence interval (CI) 1.65-5.39; P interact 5 3.6 3 10 24 ; FDR-adjusted P 5 0.11]. Men carrying the homozygous wild-type TT genotype at two correlated CDK7 SNPs, rs11744596 and rs2932778 (r 2 5 1.0), exhibited increased risk with high versus no carbofuran use (OR 2.01; 95% CI 1.31-3.10 for rs11744596; P interact 5 7.2 3 10 24 ; FDR-adjusted P 5 0.09). In contrast, we did not observe associations among men with other genotypes at these loci. While requiring replication, our findings suggest a role for NER genetic variation in pesticide-associated prostate cancer risk.
Introduction
Previous research has demonstrated a significantly increased risk of prostate cancer for pesticide applicators and pesticide manufacturing workers compared with the general population (1-3), suggesting a role for pesticides in prostate cancer etiology; however, underlying mechanisms are unknown. Although few pesticides have consistently demonstrated genotoxicity in standard in vitro and animal assays (4), a number of human biomonitoring studies (5, 6) have observed increased genetic damage with exposure to mixtures of pesticides based on increased sister chromatid exchanges and micronuclei formation, as well as chromosomal aberrations (7) . Other studies of workers exposed to various groups of pesticides (8) (9) (10) (11) (12) have observed increased damage based on the alkaline Comet assay (13) . These findings suggest that pesticides might influence prostate cancer risk in humans in part by inducing DNA damage.
The nucleotide excision repair (NER) pathway is perhaps the broadest DNA repair pathway based on its role in repairing damage ranging from bulky adducts and cross-links to oxidative damage (14) . NER is thought to be important in repairing damage induced by several putative prostate carcinogens, including pesticides, polycyclic aromatic hydrocarbons and heterocyclic amines (14) , as well as other exogenous carcinogens such as ultraviolet radiation and aflatoxin B1 (15) . NER capacity has also been associated with prostate cancer risk, with one case-control study observing a dose-response relationship between lower NER capacity and increased prostate cancer risk (16) . Additionally, some studies have observed altered prostate cancer risk with genetic variation in several NER genes, including XPC, XPD (ERCC2) and XPF (ERCC4) (17) . Although genome-wide association studies have not implicated NER gene loci in prostate cancer risk (18, 19) , these studies have not focused on populations exposed to DNA-damaging agents, in which NER genetic variation may be more important.
Given the growing evidence for a role of DNA damage in pesticideassociated prostate carcinogenesis in humans and the known involvement of the NER pathway in repairing a wide range of damage, we conducted a nested case-control study of white male pesticide applicators within the Agricultural Health Study (AHS) to evaluate interactions between pesticides from a range of chemical and functional classes and genetic variation in 27 NER genes with respect to prostate cancer. We hypothesized that NER gene variants may modify the risk of prostate cancer associated with pesticide exposure.
Materials and methods

Study population
The AHS cohort has been described in detail elsewhere (20) . Briefly, 57 310 licensed restricted-use pesticide applicators in Iowa and North Carolina, representing 82% of the target population, were enrolled between December 1993 and December 1997. As part of a follow-up of the cohort (Phase two, from 1999 to 2005), participants were asked to provide a mouthwash rinse sample for extraction of buccal cell DNA, with $40% of the cohort returning a sample. In addition, participants with an incident prostate cancer diagnosis that did not return a sample at follow-up and met inclusion criteria for the current study were asked separately to provide a mouthwash rinse sample, with 307 of 561 (55%) returning a sample. Minimal differences were observed with respect to a variety of demographic, lifestyle, disease and occupational characteristics between cohort participants that did and did not provide a sample (21) . For this nested case-control study in the AHS, which has been described previously (22) , eligible cases were white pesticide applicators who were diagnosed with prostate cancer between 1993 and 2004 after enrollment in the AHS, provided a buccal cell sample and had no previous history of cancer except nonmelanoma skin cancer. Eligible controls were white male applicators in the cohort who provided a buccal cell sample, had no previous history of cancer except non-melanoma skin cancer and were alive at the time of case diagnosis. Controls were frequency matched 2:1 to cases by date of birth (±1 year). Based on these inclusion criteria, 841 cases and 1659 controls were identified. As described previously (22) , exclusions due to insufficient number of available chips (n 5 164), quality control issues (insufficient/poor DNA quality, n 5 20, or ,90% completion rate for genotyping assays, n 5 88) or a genetic background that was inconsistent with European ancestry (,80% European ancestry using STRUCTURE software, n 5 3, or significant deviation from the first two components in principal components analysis, n 5 5) resulted in a final sample size of 776 cases and 1444 controls. On average, these cases were diagnosed $5.3 years after enrollment in the AHS. The majority of the cases and controls ($83%) were still farming or registered as a commercial applicator/handler of pesticides at the time of the nested case-control study.
Exposure assessment
Information on lifetime use of 50 pesticides was captured in two self-administered questionnaires (http://aghealth.org/questionnaires.html) completed during cohort enrollment (1993-97). All nested case-control study participants completed the first (enrollment) questionnaire, which inquired about ever/never use of the 50 pesticides, as well as duration (years) and frequency (average days/year) of use for a subset of 22 of the pesticides, whereas 1439 of these men (60.4% of cases and 67.2% of controls) completed the second (take home) questionnaire, which inquired about duration and frequency of use for the remaining 28 pesticides. A previous analysis in the AHS demonstrated similar characteristics, except for age, between cohort participants that completed and returned the take-home questionnaire and those that did not (23) . For each pesticide, we computed total lifetime days of application (number of years Â days/year applied) using midpoints of the indicated categories. We also computed an intensity-weighted metric by multiplying the total lifetime days by an intensity score that was derived from an algorithm based on whether the applicator mixed pesticides, application method used, whether the applicator repaired equipment used for pesticide application and use of personal protective equipment (24) that was recently updated (Coble,J., submitted for publication). For permethrin, we summed exposure variables for applications to crops and animals since these were asked about separately. We categorized lifetime days and intensityweighted lifetime days of application for each pesticide into a three-level ordinal-valued variable (none/low/high), with low and high categories distinguished by the median among exposed controls. Due to statistical power limitations, we excluded pesticides with ,10% prevalence among the cases (trichlorfon, ziram, aluminum phosphide, ethylene dibromide, maneb/mancozeb, chlorothalonil, carbon tetrachloride/carbon disulfide, dieldrin, aldicarb and 2,4,5-trichlorophenoxypropionic acid), leaving 39 available for analysis. All analyses were based on AHS data release version P1REL0712.04.
Genotyping and single-nucleotide polymorphism selection DNA was extracted from buccal cells using the Autopure protocol (Qiagen, Valencia, CA (25) as implemented in the Tagzilla module of the GLU software package (http://code.google.com/p/glu-genetics/). For each candidate gene, SNPs within the region spanning 20 kb 5# of the start of transcription to 10 kb 3# of the end of the stop codon were grouped using a binning threshold of r 2 5 0.80, and one tag SNP per bin was selected. Select SNPs that were considered to be potentially functional (e.g. amino acid change or altered protein expression or function) based on a literature review were also included.
There were 27 NER genes included in the iSelect platform, which were primarily selected based on two reviews (26, 27) and supplementary review information (see http://sciencepark.mdanderson.org/labs/wood/DNA_Repair_Genes. html). Of the 646 tag SNPs selected and genotyped for these genes, 553 remained after quality control exclusions (completion rate ,90% or Hardy-Weinberg Equilibrium P value , 1 Â 10
À6
). We further restricted SNPs to those with a minor allele frequency (MAF) of at least 10% among controls due to limited power for interaction assessments with rarer variants, which resulted in 324 SNPs.
Statistical analysis
We used unconditional logistic regression models adjusted for age (,60, 60-69, !70) and state of residence (Iowa or North Carolina) to estimate main effect odds ratios (ORs) and 95% confidence intervals (CIs) for the 39 pesticides and 324 NER SNPs with prostate cancer risk and to evaluate pesticide Â SNP interactions. We adjusted for state because different patterns of pesticide use are observed by state, and this variable demonstrated a borderline significant association with prostate cancer risk in our study population. The addition of family history of prostate cancer and ever/never use of the five pesticides most highly correlated with a given pesticide did not alter the inference, and thus, these variables were not included in the models.
While we examined both intensity-weighted and unweighted pesticide exposure variables, the results were similar, and we present results only for the intensity-weighted variables. For pesticide main effects analysis and interaction analysis, we used the three-level ordinal-valued pesticide variables. For the tests of trend with pesticide exposure, we created new variables from the ordinal pesticide variables by assigning participants the median intensity-weighted (or unweighted) lifetime days value among controls for their respective exposure category (none/low/high). We determined P values for trend by entering the variable as a single term in the model (i.e. one degree of freedom) and testing using the Wald test. For SNP main effects analysis, we used ordinal variables coded as the number of variant alleles, zero, one or two, assuming a log-additive genetic model. To test for interaction, we computed P values from a one degree of freedom likelihood ratio test comparing nested models with and without the interaction term, using the three-level ordinal-valued pesticide variables and assuming the dominant genetic model for SNPs. We used SAS, version 9.1 (SAS Institute, Cary, NC), to estimate ORs for pesticide main effects and stratified effects by genotype, as well as P values for interaction, and PLINK (http:// pngu.mgh.harvard.edu/purcell/plink/) (28) to estimate ORs for SNP main effects. We evaluated interactions between pesticides and haplotypes for SNPs in a gene of interest (including all tag SNPs with MAF ! 1% among controls) using generalized linear models, assuming the additive genetic model for haplotypes and treating the most common haplotype as the referent group, using the haplostats package in R (http://www.r-project.org) (29) . Haplotypes with frequency ,1% were collapsed into a single group. We used Haploview software (http://www. broadinstitute.org/scientific-community/science/programs/medical-and-populationgenetics/haploview/downloads) (30) to compute r 2 values among controls for pairings of SNPs.
We used SAS to calculate false discovery rate (FDR)-adjusted interaction P values with the intensity-weighted pesticide variables (31) . We conducted the FDR analysis by gene (number of comparisons 5 39 pesticides Â number of tag SNPs for gene) to account for the differing numbers of SNPs by gene. Interactions meeting FDR ,0.2 were considered robust to adjustment for multiple comparisons.
We presented two sets of results for pesticide Â SNP interactions. One set encompassed interactions meeting FDR ,0.2. The second set (as shown in Supplementary Table III, available at Carcinogenesis online) encompassed interactions that did not meet FDR ,0.2, but that had a P value for interaction ,0.01 for both intensity-weighted and unweighted exposure metrics and involved a significantly increased risk of prostate cancer (a 5 0.05) following a monotonic pattern with increasing pesticide exposure in one genotype group and no significant association in the other group. We presented the second set of interactions because these interactions fit an expected biological pattern, although the P value for interaction was not low enough to meet FDR ,0.2 in our study population.
Results
Nested case-control study participants were representative of prostate cancer cases and prostate cancer-free participants in the cohort with respect to state of residence, applicator type, family history of prostate cancer and disease characteristics for the cases (Table I ). Cases and their matched controls were on average older at enrollment than men in the cohort as a whole. At the time of enrollment in the cohort, the average age among the nested case-control study participants was 61 years (range 34-88 years), compared with 46 years for the entire cohort.
Estimated pesticide main effects on prostate cancer risk in the nested case-control study have been published previously (32) and were largely null, except for six pesticides with inverse trends [carbaryl, chlordane, cyanazine, 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), metolachlor and imazethapyr] (Supplementary Table I , available at Carcinogenesis online). In the SNP main effect analysis, we observed 23 SNPs that were associated with prostate cancer risk with P trend , 0.05, including four SNPs with P trend , 0.01: rs4150351, located in ERCC5 (P trend 5 1.7 Â 10 À3 ); rs1264308, located in GTF2H4 (P trend 5 3.1 Â 10 À3 ) and rs4151330 and rs4151351, both located in MNAT1 (P trend 5 4.9 Â 10 À3 and P trend 5 6.6 Â 10 À3 , respectively) (Table II) . Supplementary Table II (available at Carcinogenesis online) presents main effect estimates for the remaining NER SNPs evaluated.
We examined whether genetic variation in the NER genes modified the risk of prostate cancer associated with pesticide exposure and observed 17 significant interactions with SNPs in seven NER genes (CDK7, ERCC1, ERCC5, ERCC6, GTF2H5, XAB2 and XPA) at FDR ,0.2 (Table III) . and decreased risk in the other group, including the interaction between rs4134860 in XAB2 and dichlorvos, which was the most significant overall (P interact 5 9.5 Â 10 À5 ; FDR-adjusted P 5 0.04) ( Table III) .
The remaining three interactions meeting FDR ,0.2 displayed a significant monotonic increase in prostate cancer risk with pesticide exposure in one genotype group and no significant association in the Indicates located 3' of the stop codon.
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other group: fonofos and ERCC1 rs229881 and carbofuran and two highly correlated SNPs tagging CDK7, rs11744596 and rs2932778 (r 2 5 1.0) ( Table IV) . The interaction between fonofos and ERCC1 rs2298881 was the most significant interaction observed for the ERCC1 gene (Table III) . Men carrying the variant A allele at ERCC1 rs2298881 exhibited a monotonic increase in prostate cancer risk with increasing fonofos exposure (OR for low compared with no use: 1.34, 95% CI 0.68-2.64 and OR for high compared with no use: 2.98, 95% CI 1.65-5.39; P interact 5 3.6 Â 10 À4 ; FDR-adjusted P 5 0.11) (Table IV) . Men who were homozygous for the wild-type T allele at CDK7 rs11744596 or rs2932778 exhibited a monotonic increase in risk with increasing carbofuran exposure (OR for low compared with no use: 1.27, 95% CI 0.81-2.00 and OR for high compared with no use: 2.01, 95% CI 1.31-3.10 for rs11744596; P interact 5 7.2 Â 10 À4 ; FDR-adjusted P 5 0.09). In contrast, men with other genotypes at these loci did not exhibit significant associations (Table IV) . ERCC1 rs2298881 was weakly to moderately correlated (r 2 range: 0.002-0.38) with the other ERCC1 tag SNPs genotyped; however, interactions with the other SNPs did not meet FDR ,0.2 (data not shown). The most correlated SNP with rs2298881 was rs928911 (r 2 5 0.38), which we did not include in our interaction analysis due to MAF ,10% (MAF 5 0.05). When we included both interactions for these SNPs with fonofos together in the model, only the interaction for rs2298881 remained statistically significant (P interact 5 0.03 and P interact 5 0.21, respectively), although rs928911 demonstrated a similar pattern of interaction with fonofos, such that men carrying the variant allele at rs928911 exhibited significantly increased risk with high compared with no fonofos use (OR 3.26; 95% CI 1.40-7.60), whereas men carrying the homozygous wild-type genotype did not exhibit a significant association (OR 1.04; 95% CI 0.76-1.42) (data not shown).
Interactions that did not meet FDR ,0.2, but that had a P value for interaction ,0.01 for both intensity-weighted and unweighted exposure metrics and involved a significant monotonic increase in risk with increasing exposure in one genotype group and no significant association in the other group are presented in Supplementary Table III (available at Carcinogenesis online). These included interactions between two CDK7 tag SNPs (rs7706902 and rs17331590) and carbofuran. Rs7706902 was highly correlated with the CDK7 SNPs (rs6865178, rs11744596 and rs2932778) that interacted with carbofuran at the FDR ,0.2 level (r 2 . 0.70) and demonstrated a similar pattern of interaction, such that men carrying the homozygous wild-type genotype exhibited increased prostate cancer risk with carbofuran exposure. In contrast, for rs17331590, which showed low correlations with the other SNPs that interacted with carbofuran (r 2 , 0.09), men carrying the variant allele exhibited increased risk. Findings from including the interactions for rs11744596 and rs17331590 together in the same model, such that the interaction for rs11744596 remained statistically significant (P interact 5 8.3 Â 10 À3 ) and the interaction for rs17331590 was borderline significant (P interact 5 0.06), as well as analysis of interactions between carbofuran and CDK7 haplotypes (data not shown), further suggested that the interaction for rs17331590 might represent a separate CDK7 signal.
We observed several additional interactions that did not meet FDR ,0.2, but that had a P value for interaction ,0.01 for both intensityweighted and unweighted exposure metrics and involved a significant monotonic increase in risk with increasing exposure in one genotype group and no significant association in the other group (Supplementary Table III , available at Carcinogenesis online). These included interactions between parathion and a SNP tagging DDB2, as well as interactions between petroleum oil/petroleum distillate and five SNPs tagging ERCC4, four of which were very highly correlated (r 2 . 0.91). The interaction between parathion and DDB2 rs4647709 and that between petroleum oil/petroleum distillate and ERCC4 rs9646271 also represented the most significant interactions for their respective genes (Table III) .
Discussion
Our study is the first to evaluate interactions between pesticides and genetic variation in the NER pathway with respect to prostate cancer risk. We observed 17 interactions that were robust to multiple comparison adjustment based on FDR ,0.2. Of these 17 interactions, three displayed a significant monotonic increase in prostate cancer risk with increasing pesticide exposure in one genotype group (e.g. TT carriers) and no significant association in the other group: fonofos Â ERCC1 rs2298881 and carbofuran Â rs11744596 and rs2932778, two highly correlated SNPs tagging CDK7. The remaining 14 interactions that met FDR ,0.2 were the result of a positive association in one genotype group and an inverse association in the other (i.e. qualitative interactions), which could arise because of a chance effect of the exposure of interest in one population subgroup when there is no main effect of the exposure. We also presented interactions that displayed the stratified pattern of interest and had a P value for interaction ,0.01, although the P value did not meet FDR ,0.2 in our study population and thus should be interpreted with caution. Our finding of a significant interaction for fonofos, an organophosphate insecticide that is no longer registered for use in the USA (since 1998) (33), but was used by $25% of the AHS prostate cancer nested case-control study participants, is consistent with previous AHS findings of increased prostate cancer risk with fonofos exposure among participants with a family history of prostate cancer (34, 35) , which suggested a role of genetic susceptibility to carcinogenic effects of this chemical. Specifically, fonofos interacted with rs2298881, an intronic SNP located before the first coding exon in ERCC1, such that men carrying at least one variant allele exhibited increasing prostate cancer risk with increasing fonofos exposure, whereas men who were homozygous wild-type at this locus did not exhibit a significant association. The ERCC1 protein forms a heterodimer with XPF endonuclease (encoded by ERCC4), which catalyzes the 5# incision in NER removal of DNA lesions and also plays a role in the repair of interstrand cross-links and double-stranded DNA breaks. Rs2298881 was moderately correlated with rs928911, located in an intronic region of the gene PPP1R13L (also known as IASPP), which is important in p53 inhibition and located ,10 kb downstream of ERCC1. However, only the interaction with rs2298881 remained significant when both interaction terms were included in the same model, suggesting that rs2298881 was the SNP driving the risk. It is also possible that a third SNP in linkage disequilibrium with these two SNPs might be driving our findings, and further research is needed to identify the SNP responsible for the observed effect.
There is some plausibility for a role of DNA damage in our finding of an interaction between fonofos and genetic variation in ERCC1. Whereas one report did not find evidence of fonofos genotoxicity based on several in vitro assays (4), another study observed positive results for two assays in bacteria and yeast (36) , suggesting that fonofos may induce some DNA damage. To our knowledge, no human biomonitoring studies have specifically evaluated fonofos in relation to DNA damage endpoints (e.g. DNA adducts and chromosomal aberrations). However, our fonofos interaction finding appears consistent with numerous human biomonitoring studies suggesting the genotoxicity of Pesticides, NER variants and prostate cancer organophosphate insecticides as a group (5, 6, 10, 11) . In addition, in a previous analysis in the AHS prostate cancer nested case-control study (32) , fonofos demonstrated a significant interaction with a SNP in the promoter region of the base excision repair gene NEIL3. Although the NER pathway is predominantly involved in repairing relatively bulky helix-distorting DNA lesions and the base excision repair pathway in repairing smaller lesions with minimal helix-distorting effect, there is some overlap between the two pathways (14, 15) . Carbofuran (a carbamate insecticide) interacted with several highly correlated SNPs tagging CDK7 (rs6865178, rs11744596, rs2932778 and rs7706902), such that men who were homozygous wild-type exhibited increasing prostate cancer risk with increasing carbofuran exposure. Additionally, carbofuran interacted with another CDK7 tag SNP (rs17331590), such that men carrying at least one variant allele exhibited increasing risk with increasing exposure. Taken together with the low correlations between rs17331590 and the other CDK7 SNPs that interacted with carbofuran and the findings of haplotype analysis, our results suggest that there might be two separate carbofuran Â CDK7 interaction signals, emphasizing the potential importance of this region in modifying the effects of carbofuran exposure. However, only the carbofuran interactions with the very highly correlated SNPs rs11744596 and rs2932778 met FDR ,0.2 and did not appear to be qualitative. Rs11744596 is located in an intronic region of MRPS36, which encodes a 28S subunit of the mitochondrial ribosome and is located $17 kb upstream of CDK7, and rs2932778 is located in the promoter region of CDK7. CDK7 encodes a protein that is a member of the cyclin-dependent kinase family and complexes with cyclin H and MAT1 to form a cyclin-dependent kinase-activating kinase. As a component of the transcription factor TFIIH, the cyclin-dependent kinase-activating kinase complex plays a role in DNA repair and DNA transcription. This complex is also important in the regulation of cell cycle progression.
Although one study found no evidence of genotoxicity for carbofuran based on several assays (36) , other studies have observed increased mutations, chromosomal aberrations and micronuclei formation with carbofuran exposure in bacterial or animal systems (37-39), suggesting some biologic plausibility for a role of DNA damage in our interaction findings for carbofuran. Another study observed increased mutations associated with the N-nitroso derivative N-nitrosocarbofuran, but not carbofuran itself, in a bacterial system (40) . Several human biomonitoring studies have observed increased genetic damage (based on micronuclei formation, chromosomal aberrations and damage detected by the Comet assay) among workers exposed to carbofuran (41) (42) (43) . However, these populations were often exposed to other chemicals as well, and there was generally limited exposure assessment, which precluded estimation of the specific contribution of carbofuran to the findings.
It is possible that mechanisms other than DNA damage repaired by the NER pathway could have contributed to our interaction findings. For example, CDK7 has other functions beyond DNA repair as described above. In addition, the SNP(s) driving our findings could act in part by affecting the expression or function of nearby genes. For example, ERCC1 overlaps with CD3EAP, which has been proposed to play a role in T-cell activation (44) , among other activities. Although fonofos has not been specifically implicated, organophosphate insecticides in general have been associated with immunotoxicity in experimental animal studies and epidemiologic studies (45) . There are several genes located nearby CDK7, including CCNB1, which contributes to the regulation of mitosis by encoding a protein that complexes with p34 (cdc2) to form the mitosis-promoting factor. CCNB1 may be relevant to the carcinogenicity of carbofuran as exposure to carbofuran has been associated with mitotic inhibition in mice (37) .
Although our findings may be due to chance, we took several steps to help reduce false-positive results in our study. We used the FDR method to adjust interaction P values for multiple comparisons. Additionally, we highlighted interactions with a significant monotonic increase in prostate cancer risk with increasing exposure in one genotype group and no significant association in the other. However, we recognize that by focusing on this subset of interaction findings, we might have missed some true-positive results among our remaining findings.
Our study was limited in power, and we may have missed some interactions by excluding SNPs with MAF ,10% due to power concerns. The number of participants often became small when stratifying by genotype, particularly for the homozygous variant group. To help reduce this problem, we chose to use the dominant genetic model for the interaction assessments; however, this choice could have resulted in a loss of power if another genetic model was more appropriate. Additionally, there were insufficient case numbers to evaluate interactions by prostate cancer stage or grade. However, to our knowledge, no other study has greater power to evaluate pesticide-gene interactions for individual pesticides with prostate cancer.
There are also several strengths of our study. We were able to evaluate a number of pesticides from a range of chemical and functional classes. Previous findings in the AHS have suggested that the effects for pesticides within a chemical class are heterogeneous (46) . Thus, our examination of effect modification of individual as opposed to grouped pesticides is a further strength. Furthermore, self-reported pesticide information in the AHS has been demonstrated to be reliable and consistent with the dates of introduction to the market (47, 48) . We focused our analyses on the intensity-weighted exposure metric, which incorporates an intensity score that has shown moderate correlation with biomarkers of pesticide exposure in post-application urine samples (49) . Additionally, availability of genotyping data for a large number of tag SNPs across the NER pathway allowed us to comprehensively explore the hypothesis that NER genetic variation might modify pesticide-associated risk of prostate cancer.
In conclusion, although we did not observe highly significant NER SNP main effects, our interaction findings between SNPs tagging ERCC1 and CDK7 and fonofos and carbofuran, respectively, suggest the importance of the NER pathway in prostate cancer risk in the presence of certain pesticide exposures. While requiring replication, our interaction results are consistent with a pesticide mechanism of effect involving DNA damage. Additional studies among pesticideexposed populations are needed to evaluate interactions between pesticides and genetic variation in DNA repair genes and to assess the genotoxicity of individual pesticides in humans. Investigation of the mechanisms of action, metabolism and bioavailability of the different pesticides may help clarify their relationship with cancer risk.
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